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The IceCube neutrino discovery presents an opportunity to answer long-standing questions in high-energy astrophysics. For their own sake and relations to other processes, it is important to understand neutrinos arising from the Milky Way, which should have an accompanying flux of gamma rays. Examining Fermi TeV data, and applying other constraints up to > 1 PeV, it appears implausible that the Galactic fraction of the IceCube flux is large, though could be present at some level. We address Sgr A*, where the TeV-PeV neutrinos may outrun gamma rays due to γγ opacity, and further implications, including dark matter and cosmic-ray electrons. 
I. INTRODUCTION
Cosmic-ray interactions in the Milky Way produce mesons decaying to secondary particles (e.g., [1] [2] [3] ) forming a flux of neutrinos that has long been of great interest to detect (e.g., [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ). The recent discovery by IceCube of high-energy astrophysical neutrinos [17] [18] [19] [20] [21] [22] [23] [24] implies a particularly large flux of ∼ 10 − 100 TeV neutrinos [20, 21] . Naturally, establishing the fraction that arises from our Galaxy will benefit both studies of high-energy processes within the Milky Way (e.g., ) and determinations of the extragalactic component to address associated problems (e.g., [57] [58] [59] ).
We discuss several constraints on the gamma rays that generally will accompany these neutrinos in relation to the IceCube data. For instance, we see that the IceCube flux at ∼ 10 TeV is now rather near to electromagnetic shower data from electron searches by the air-Cherenkov telescopes (ACTs) HESS [60, 61] and VERITAS [62] . At higher energies, constraints are derived from air shower arrays.
Though of smaller proportion than ACTs, and much less tonnage than IceCube, the Fermi Large Area Telescope (LAT) [63] can partially compensate with a long observing time. Of great benefit to diffuse studies is the instrumental veto power against cosmic rays and a large field of view with fairly uniform exposure over the sky to E γ > 1 TeV with Pass 8 [64] .
For rough comparison, the IceCube neutrino effective area is A eff ν ∼ 2 m 2 at E ν ∼ 10 TeV for the all-sky search reporting 172 shower events in [21] , comparable to the LAT geometric area. Even without extrapolating a gamma-ray flux back much further to lower energies or accounting for A eff ν increasing with E ν , this suggests that there should be no shortage of gamma rays incident upon the LAT if there is an appreciable Galactic contribution to the IceCube flux.
We examine Fermi LAT data to assess the current picture of the entire TeV sky, showing emission highly-concentrated along Galactic plane and within < ∼ 30
• of the Galactic Center (GC). We do so making use of all likely TeV events, even though leptonic TeV sources are plentiful in the Milky Way, and often extended, to avoid subtracting off any possible neutrino-associated gamma rays (cf., e.g., [53] ). Since there should be little attenuation due to photon backgrounds [65] , this constrains the amount of Galactic neutrino production.
We derive upper limits from various regions and further break down the IceCube events into maps by estimated neutrino energy for comparison. We also discuss several other possibilities, such as a Galactic proton spectrum harder than locally measured, dark matter, and constraints on contributions of residual TeV gamma rays to ACT e − +e + data. One possible exception to such limits is the supermassive black hole complex at the GC, in which gamma rays would be strongly attenuated within the inner accretion flow of Sgr A*, while neutrinos can escape to very high energies. We examine the possibility of producing neutrinos up to PeV energies, as may be hinted at by IceCube data [17, 18] , and the gamma-ray flux in relation to the TeV signal seen from the GC by HESS [66, 67] and VERITAS [68, 69] .
II. ONCE UPON A TIME IN ANTARTICA
We begin with the most recent compilation of available IceCube contained neutrino events [18, 19, 22] , which give a better idea of the neutrino energy than throughgoing muons, in order to construct an approximate density distribution (as in [70] ). Lacking event-by-event angular distributions, we use a Gaussian with the median angular uncertainty [18, 19, 22] as the width for shower events. Obviously, for a likelihood analysis one would want to make use of the precise angular data; however, the hierarchy between tracks (∼ 1
• ) and showers ( > ∼ 10 • ) presents a difficulty for display. To be closer to the same scale, we use 10
• for tracks (which might have been showers anyway if not for neutrino oscillations).
In Fig. 1 , we show the density of 52 events (not including events 28 and 32 as possible background; see [22] for a recent skymap showing shower and track numbers). Here, we have attempted to compensate for loss of neutrinos due to Earth opacity by reweighting each event based on the neutrino energy via σ νN (E ν ) [71, 72] and column of Earth traversed [73] to determine e −τ⊕ . Now, we do not know the actual neutrino energy, of course, which is needed in determining σ νN .
For showers, we take E ν = E em , although this will be an underestimate for the unknown fraction of events due to ν τ or neutral-current interactions, which would have a higher true E ν . For tracks, we assume E ν = 3 E em to allow for the frac- tional energy loss of the muon prior to exiting the detector volume, although this may contain significant dispersion [74] . While imperfect, this compromise appears preferred to, e.g., adding a proportionate number of fake events or increasing the Gaussian width in the upgoing region. Later, we will split these into energy ranges motivated by classes of gamma-ray data. We note that the number of events is larger in the downgoing region of the sky (as denoted), where there is less Earth attenuation and downgoing muons can form a residual background, and that no obvious structure is evident at this level.
III. A FERMI FULL OF GAMMA RAYS
We use Fermi LAT Pass 8 data, which has greatly enhanced performance at high energies to E γ > 1 TeV [64, 75] , from October 30, 2008 -October 15, 2015 . For our purpose, we use the class with the cleanest gamma-ray event sample (P8R2 ULTRACLEANVETO V6) with recommended cuts to avoid the Earth limb (zenith angle < 90
• ) from the entire sky. We limit use to energy dispersion sub-classes EDISP1, EDISP2, and EDISP3 (excluding the lowest class EDISP0). Fig. 2 shows the positions of 153 events with E γ > 1 TeV in this sample, with 97 within |b| < 5
• of the Galactic plane, 112 within |b| < 10
• , and 123 within |b| < 20
• . In forming a density for comparison with the IceCube maps, using the track event ∼ 1
• scale results in a map looking much like the points, while using the ∼ 10
• of showers blurs even coarse features. With ∼ 2/3 of events falling within 5
• of the Galactic plane, we use 5
• as a compromise. Here, we reweight each event based on the LAT exposure, which is decreasing with energy above 1 TeV. We create exposure maps at 500 GeV intervals and linearly interpolate at intermediate energies.
Our interest is in comparing to the neutrino flux, for which we do not know the origin, so we aim for inclusiveness and remove no foreground emission and subtract no Galactic source regions, since these could all potentially be related to the IceCube signal. While extragalactic sources should be highly attenuated, for completeness, we subtract off three events within 0.2
• of extragalactic Second Hard Fermi-LAT (2FHL) catalog [76] sources (Mrk 421, IC 310, and 1ES 0347-121) which are thus likely not Galactic. We also consider only photons with E γ < 3.16 TeV, removing three more to leave 147 in total.
Since we lack definitive information about the nature of possible sources, we use these data to derive a 2σ limit on the all-sky TeV flux, shown in Fig. 3 . Here we have allowed for 20% systematic uncertainty in the exposure (and different variations in counts would not change much). Considering only |b| > 20
• , we are left with 27 photons with the commensurately larger statistical uncertainty included in Fig. 3 .
We also check regions with diffuse measurements reported by ground arrays, which have less direct means of accounting for cosmic-ray backgrounds. We compare to Milagro at |b| < 5
• , 40
, which also has a higher-energy measurement [78] , and ARGO-YBJ [79] . These appear roughly consistent with a soft spectrum back to 1 TeV, although we have not attempted to mask source regions and LAT TeV statistics are limited in the outer plane.
IV. FOR A FEW NEUTRINOS MORE
We also show in Fig. 3 the most recently presented IceCube spectral data. These include the aforementioned ν e + ν τ shower search that uncovered more > ∼ 10 TeV events [21] . Muon data beginning at higher energies imply a harder spectrum for ν µ [23] , ∼ E −1.9 ν , shown from [24] . We have assumed equality between flavors and ν/ν in scaling the data in Fig. 3 . Note that these these fluxes do not directly correspond to the events used in Fig. 1 , though. • , to obtain a density distribution closer to the IceCube map we replace each event with a 5
• Gaussian weighted by the LAT exposure (note though that IceCube muon tracks typically have angular resolution comparable to LAT gamma rays) with the dotted line denoting b = ±5
• .
First, a simple extrapolation of the soft ∼ E −2.67 ν spectral fit [21] to gamma rays assuming assuming equal numbers of π + , π − , and π 0 [33] clearly overshoots our TeV limits. At the high-energy end, we include the collection of limits from [80] on isotropic gamma-ray fluxes up to ∼ 10 7 GeV [81] [82] [83] [84] , adding to these results from HAWC [85] and GAMMA [86] (see also [50, 87] ), some of which cut below this flux.
In between these data is where the present neutrino flux is largest. Since the properties of air showers induced by electrons and gamma rays are very similar, we also include results from HESS [60] and VERITAS [62] measurements of showers in search of high-energy electrons. The sight-lines used tend to be from regions around targets off the Galactic plane to avoid gamma-ray emission and it is assumed that the extragalactic TeV gamma-ray flux is attenuated [60] , as implied by the Fermi isotropic gamma-ray background (IGB) [88] .
We see these drop sharply to ∼ 10 TeV and can be considered as upper limits on the flux of gamma rays in this range (as in [89] ), already approaching the IceCube flux level. Further, HESS claims that the gamma-ray fraction is likely < ∼ 10% (systematic uncertainties could reach as high as ∼ 50%) [60] , which would press down greatly even on spectra that are much harder or at a lower flux level in the < ∼ 10 TeV range. It seems fair to conclude that any appreciable Galactic contribution to IceCube up to ∼ 10 TeV should also be confined to the plane.
We construct neutrino and gamma-ray spectra based on pp scattering [90] assuming an ∼ E 2.5 p ) proton spectrum with an exponential cutoff at 1 PeV scaled to just below our all-sky TeV limit for comparison. This is harder than the proton spectrum measured at Earth, though with a similar cutoff energy. Even so, it falls well below the IceCube flux.
In the top panel of Fig. 4 , we plot contours of the Additionally, sources have been detected by many TeV gamma-ray experiments. Milagro reported > ∼ 10 TeV sources that tend to be coincident with Fermi pulsars [91] , suggesting leptonic pulsar wind nebula (PWN) emission. This also supports the idea that many unidentified TeV sources are PWNe (e.g., [92] [93] [94] [95] ), especially if Fermi only sees a fraction of pulsars due to beaming of the gamma-ray emission.
Even in our limited sample, we find events likely associated with the Crab and Vela X PWNe and supernova remnants that may be leptonic in the TeV (e.g., RX J1713.7-3946 and Vela Jr.; [96] ). In Figs. 2 and 4 , the most prominent clump (∼ 20
• to the left of the GC) is likely associated with the spatiallyextended TeV PWNe HESS J1825-137, HESS J1837-069, and HESS J1841-055 that are 2FHL sources [76] .
For a soft Galactic spectrum, a plausible assumption could be that the lowest energy IceCube events are more relevant for comparing to TeV gamma-ray data. Towards this end, we divide the IceCube data into two sets with roughly equal event numbers in each, with a cut at estimated E ν = 100 TeV.
The middle and bottom panels of Fig. 4 display the estimated IceCube densities for these sets constructed in the same manner as before. To the E ν = 20-100 TeV figure, we show TeV density contours using a 10
• Gaussian. Since 23 out of these 27 events are showers, this may be a more reasonable spread for what IceCube would see if associated.
For the E ν > 100 TeV set, we display the fields visible to the CASA-MIA, KASCADE, and GRAPES ground arrays yielding gamma-ray limits from this range in Fig. 3 , with arrows pointing in the direction covered. While the break of these limits below the IceCube flux seemingly disfavors a sizable Galactic contribution, Fig. 4 shows a region containing a fraction of these IceCube events is not yet directly limited by diffuse > ∼ 100 TeV gamma-ray data, as discussed in [50] . [85] , HEGRA [82] , GRAPES-3 [84] , GAMMA [86] , KASCADE [83] , and CASA-MIA [81] . We also include e − + e + + (γ) spectra from electromagnetic air showers from HESS [60, 61] and VERITAS [62] . To these we compare saturating pp neutrino and gamma-ray fluxes from dN/dEp = E −2.5 p e −Ep/1 PeV (labeled) and a gamma-ray flux extrapolated from the IceCube fit assuming π + π − π 0 equality (dotted).
V. IS SGR A* A PEVATRON NOW?
Perhaps the most intriguing astrophysical interpretation of the TeV signal seen from the GC is the interaction of > PeV protons accelerated in the vicinity of the supermassive black hole (SMBH) associated with Sgr A* (e.g., [97] ). Accounting for recent advances in observations, we reexamine such a scenario. Several novel features can in principle arise, including TeV synchrotron emission (well beyond the classical ∼ 100 MeV radiation reaction limit), multi-PeV neutrinos, and Sgr A* mm emission (e.g., [98] ) causing an earlier cutoff in gamma rays due to γγ → e + e − attenuation. We consider interactions within the inner accretion flow using properties from Sgr A* models of [99] with some simplifying assumptions. The emission spectra span from radio to IR (model 915h) and we take this to be spherical and extending it as −2 γ for γ > ∼ 1 eV. We consider a generic smoothlybroken power law source proton spectrum
using α = 0, β = −2, E 1 = 1.5 GeV, and E c = 50 PeV, with L p = 10 38 erg s −1 utilizing ∼ 10 % conversion of a ∼ few × 10 −8 M yr −1 transrelativistic SMBH accretion rate. We assume all interactions to occur within a distance from the black hole of 3 r g , with r g 6 × 10
11 cm, comparable to the IR emitting regions of the model, leading to the γγ attenuation curve shown in Fig. 3 of [100] . We note that mm emission mostly arises from ∼ 5 r g and using a larger radius would decrease the compactness and thus the pγ and γγ scattering rates. For both regions B ∼ 50 G, while the ambient proton density is n p ∼ 10 5 cm −3 for the IR region and ∼ 10 7 cm
for the mm, we take n p ∼ 10 6 cm −3 . We obtain spectra for secondary photons, electrons, and neutrinos from pp scattering as in [90] and [101] for photopion (pγ; finding comparable results using [102] ). The large ratio of magnetic to photon energy densities in these regions would result in rapid electron energy losses via synchrotron rather than IC, so we neglect a complete cascade treatment, using methods of [100] (note that for a couple orders of magnitude larger B one should take into account QED; [103] ) for both secondary electrons arising from pion decays and γγ → e + e − within the source region. the assumption that protons escape the inner region within t ∼ 3 r g /c. Doing so, we can get neutrino emission peaking at ∼ few PeV, consistent with the > ∼ 1 PeV IceCube shower event centered within ∼ 1
• of Sgr A* in Fig. 1 , although with angular resolution of ∼ 10
• [17, 18] , if some luck is also involved (we have estimated the implied flux in Fig. 5) .
Why are the free escape fluxes so low? Simply, the interaction rate for the above parameters is low. We consider ways to boost this, although we should be wary of breaking something. First, the mm-IR spectrum of Sgr A* is softer than −2 γ , implying a far larger number density of target photons for pγ at mm energies ( γ ∼ 10 −3 eV), for which the threshold proton energy for photopion production is proportionately higher (E p > ∼ 1000 PeV). Since the pion spectrum produced via this process is thus rather hard (dN/dE π ∼ E −1 π ), the last decade of the proton spectrum is most relevant for energy extraction via pγ. Indeed, [97] considered a few Sgr A* scenarios, favoring pγ with E max p > ∼ 10
18 eV. The lack of higher-energy neutrino events in IceCube from the GC thus far in principle does allow one to extract more energy from the pγ process by extending this hard secondary spectrum to higher energies. However, consideration of the basic criterion of E max p ∼ eBR requires a field of ∼ 10 4 G for R < ∼ 10 r g . This would tend to lead to a harder gamma-ray spectrum, though, since reprocessing of γγ → e + e − secondaries via synchrotron becomes more dominant. It was simultaneously assumed in [97] that B ∼ 10 G to allow for IC cascades (and a somewhat larger target background).
One could invoke a source proton spectrum harder than E −2 p , which for the same total L p would put more energy into the last decade, decreasing the boost needed to reach the TeV data by ∼ 10 for E −1 p (e.g., [97] only considered L p as near E max p ∼ 10 18 eV), at the cost of requiring an explanation for such a spectrum and, again, a harder gamma-ray spectrum than displayed in Fig. 5 .
We can enhance the 1-10 TeV flux by increasing n p , although this would be more necessary for a lower E max p , since pγ interactions would decrease in relative importance. This would also increase the production of lower-energy secondary electrons and thus synchrotron emission extending down to lower energies, particularly in the Chandra range for E e < ∼ 100 GeV. Of a total 2 − 10 keV flux from Sgr A* of ∼ 3 × 10 33 erg s −1 , [104] estimates that ∼ 20% is from the inner accretion flow and [105] derives a ∼ 10% fraction as arising from faint Sgr A* flares.
The model in Fig. 5 is nominally consistent with these, although we also have not considered primary e − acceleration, for which there is evidence from the hard X-ray flares detected by NuSTAR [106] , tacitly assuming that these are due to some other mechanism or variability in the p/e efficiency. While a softer proton spectrum could better account for < TeV gamma rays, it would be at the cost of a larger boost, fewer pγ interactions, and an increase in synchrotron to above the Chandra flux. Similarly, a lower E max p would decrease the pγ fluxes, requiring a greater pp contribution leading to the same issues.
If the magnetic field structure near the SMBH is mostly toroidal, then diffusion that needs to cross field lines could inhibit particle diffusion outwards, although it appears diffi- from Sgr A* pp and pγ interactions, where luminosities are scaled to reach the ∼ 1 TeV data, a factor of 7×10 4 above a scenario that assumes free escape from the inner flow within t ∼ 3 rg/c. GC source TeV gamma-ray data are from HESS [67] and VERITAS [69] .
cult to get more than a factor of ∼ 100 via such a delay. Such a scenario is also complicated by the proximity of the SMBH, which could spell doom for such lingerers. However, a long containment time would lengthen timescales associated with the TeV emission, consistent with the lack of variability or increases during X-ray flares in HESS data [66] . We also note that for B ∼ 50 G and assuming the electron cooling break is beyond the end of the unbroken NuSTAR spectra could suggest proton acceleration to > ∼ 10 PeV if the entire ∼ few × 1000 s flare durations are available, although most energy would need to go into protons to be relevant to TeV data.
We could consider proton interactions beyond the immediate vicinity of the SMBH; however, the benefit of the enhanced pair opacity beyond the GC curve in Fig. 3 of [100] is then no longer available, so that the cutoff in the TeV data would have to be due to a turndown in the proton spectrum at E p < ∼ 100 TeV. The neutrino fluxes would be similar to those previously considered (e.g., [30, 33] ). The > ∼ 10 TeV attenuation can be somewhat increased if pp interactions exclusively occur in strongly IR emitting regions, perhaps by a factor of a few. However, the IR and FIR maps do not well coincide and most of the gas mass available for pp scattering is in the colder CND. Other types of model also claim gamma rays from near Sgr A* or cosmic rays in its surroundings (e.g., [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] ). A gamma-ray spectral break at ∼ 10 TeV may also simply reflect a break in the present proton spectrum due to diffusive escape above ∼ 10 14 eV due to similar physics as may result in the PeV "knee" in the cosmic-ray spectrum measured at Earth.
In total, it appears difficult to account for the TeV data using Sgr A* without a large persistent reservoir of energetic protons within a few gravitational radii of the SMBH. A lack of hadronic production from Sgr A* may actually be considered beneficial, since it may indicate that such sources else-where in the universe are optically thin to escape, as inferred from relating cosmic-ray data to IceCube (e.g., [57] ). Also, the central ∼ 100 pc has the highest SN rate density in the Milky Way [121, 122] , so acceleration by the SMBH is not necessarily required for a harder, enhanced cosmic-ray density, likely also contributing to the TeV flux near the GC.
VI. DISCUSSION AND CONCLUSIONS
The presence of cosmic-ray protons up to E p > ∼ 1 PeV and TeV gamma-ray sources imply that a Galactic TeV neutrino flux should be present at some level. The population of Galactic TeV gamma-ray sources generally appear to be lacking at E ν > ∼ 10 TeV (e.g., [33, 36] ), even if the emission is hadronic. Diffuse TeV gamma-ray measurements are concentrated along the Galactic disk and relatively low in flux [78, 79, [123] [124] [125] [126] , consistent with our simple counting exercise. While more sophisticated tests are available (e.g., [55, 56] ), and we have looked at various distributions of these data, the figures presented adequately illustrate the situation.
The concentration of Fermi TeV gamma rays in the inner galaxy suggests |l| < ∼ 30
• is of greatest interest for improvement. The HESS Galactic plane survey [123] [124] [125] and HAWC [126] are operating in this region presently, although very high energies are not well covered, since the limits shown in Fig. 3 are all from detectors in the northern hemisphere. IceCube has some sensitivity to PeV gamma rays [127] , and along with a larger detector [128] one would like to have absolute gammaray constraints from the downgoing region. It seems most likely that very-high energy Galactic emission would also be constrained to a narrow region around the plane; however, it would also be useful if archival data is used to place limits considering larger regions around the Galactic plane.
Electromagnetic shower data from HESS and VERITAS in Fig. 3 suggest that the flux at ∼ 1 − 10 TeV is also low compared to the sky-averaged IceCube flux in regions off the plane, while HAWC plans to significantly improve on their limit [85] . Isotropic TeV electromagnetic cascades can also be ascribed to e ± from pulsars (see, e.g., [129] [130] [131] ), so it will be important to determine this contribution, as CALET [132] and CREST [133] aim to accomplish. The low Fermi TeV gamma-ray flux off the Galactic plane implies that the e − +e + data in this range are fairly free of gamma-ray emission.
Fermi has demonstrated a good ability to distinguish charged particles from gamma rays [134] . Although instrument response function sensitivities drop off at > ∼ TeV presently [64, 75] , if a 10 TeV gamma ray hits the instrument it will definitely result in a signal, only a very complex one. As compared earlier, the neutrino effective area at ∼ 10 TeV is ∼ 2 m 2 for the all-sky search in [21] , comparable to the LAT effective instrument area estimated from the ∼ 2.5 m 2 sr acceptance below 1 TeV [64] , so in principle can be statistically comparable for the forthcoming period. From Fig. 3 , several hundred multi-TeV γ events could have struck over ∼ 7 yr of operation. Even if energy resolution is limited in saturating events, it may at least be possible to better constrain the Galactic contribution than done here.
We have also examined spectra from dark matter decays, which has generated some interest mostly at higher energies (due to the early clustering of neutrino events ∼ 1 PeV, e.g., [135] [136] [137] [138] ). Neutrinos at > ∼ 10 TeV can result for various masses and decay channels [139] , with more or less gamma rays generally possible. In order to have a noticeable effect on the IceCube flux an associated gamma-ray flux may be detectable. It is straightforward to integrate over a dark matter profile to find the decay flux profile (e.g., [140] ), with ∼ 1/2 of the total arising from within 5 − 60
• of the GC (not including a redshifted extragalactic component of lesser importance). Annihilation neutrinos would be even more centrally concentrated (e.g., [141] ).
Cursory examination of off-plane regions near the GC in Fig. 2 shows no obvious declining, symmetric signal as would be expected (see also [142] ), although with Fermi one is attempting to catch > 30 TeV dark matter by the tail. The Fermi bubbles [143, 144] are also of interest for neutrinos (e.g., [145] [146] [147] ). The upper limits obtained at high-energy [144] are also consistent with a low number of counts in Fig. 2 .
It would be of great benefit to measure and map the Galactic neutrino emission, not only for understanding hadronic processes in the Milky Way, but also as a test of difficult sources such as the one at the Galactic Center that may be due to Sgr A* or neutrino-free PWN emission [117] [118] [119] [120] . This determination will also permit better understanding of the extragalactic component of the IceCube flux and understanding of their sources (e.g., also [148] [149] [150] [151] [152] [153] [154] [155] [156] ).
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